Emerging evidence from human imaging studies suggests that obese individuals have altered connectivity between the hypothalamus, the key brain region controlling energy homeostasis, and cortical regions involved in decision-making and reward processing. Historically, animal studies have demonstrated that the lateral hypothalamus is the key hypothalamic region involved in feeding and reward. The lateral hypothalamus is a heterogeneous structure comprised of several distinct types of neurons which are scattered throughout. In addition, the lateral hypothalamus receives inputs from a number of cortical brain regions suggesting that it is uniquely positioned to be a key integrator of cortical information and metabolic feedback. In this review, we summarize how human brain imaging can inform detailed animal studies to investigate neural pathways connecting cortical regions and the hypothalamus. Here, we discuss key cortical brain regions that are reciprocally connected to the lateral hypothalamus and are implicated in decision-making processes surrounding food.
Obesity continues to be a persistent burden to health worldwide. It is almost 20 years since the World Health Organisation officially acknowledged the obesity epidemic as a significant global issue and still no significant progress has been made in slowing population-wide increases in bodyweight. To date, public health approaches that target obesity through nutrition education, promoting active lifestyles or more broadly through regulation of the foodenvironment have largely been unsuccessful (Roberto et al. 2015) . There are numerous biological barriers to weight loss that will limit the efficacy of any intervention (Roberto et al. 2015) and thus there is an urgent need to improve our understanding of the physiological mechanisms underlying obesity before we can develop an effective strategy to overcome the disease.
What we eat is governed by both metabolic need and hedonic motivation. While much is known about the metabolic control of food intake in terms of the hormones and neurotransmitters that are involved in hunger and satiety, the neural mechanisms underlying the decision to eat for pleasure, often in the absence of hunger remains unclear.
Animals and humans innately find high energy foods rewarding, ensuring they are motivated to seek and consume these foods, a valuable adaptation in pre-modern times. However, highly palatable and energy dense foods are prevalent in current environments, meaning this previously adaptive trait has become a liability to many modern humans. It is clear that the over-consumption of high-fat, high sugar foods is contributing to the obesity epidemic (Swinburn et al. 2009) .
A common feature among overweight or obese individuals is that they will continue to eat past their energy requirements, despite understanding the adverse health and social consequences. Many overweight or obese individuals report that while they desire to restrict their food intake in order to lose weight, they frequently fail at their attempts to diet (Puhl et al. 2008) . Compulsive food intake, which is undeterred by known negative consequences, resembles behaviours associated with compulsive drug taking (O'Connor and Kenny 2016) . The inability to control food cravings and make appropriate food choices may be underlying the accumulation and maintenance of excessive body weight. It is possible that the neural circuits involved in processing food reward and decision-making become dysfunctional and contribute to ongoing body weight gain. Therefore, understanding the neural circuits that are involved in food cravings and food choice is crucial to advancing our knowledge of obesity and developing effective treatments.
Lessons from human imaging studies
Functional magnetic resonance imaging (fMRI) studies, which measure brain blood flow as a surrogate of activity, have provided some insight into brain regions that may be involved in food choice and food cravings. These studies infer brain activity by measuring changes in blood-oxygenlevel-dependent (BOLD) signals in response to tasks or stimuli. Another application of fMRI is resting-state functional connectivity MRI (fcMRI) studies, which match patterns of the fluctuations in BOLD signals between brain regions to identify putative brain networks while the subject is at rest. Human fMRI studies have demonstrated that food and food-related cues (visual or olfactory) activate both the reward-associated corticostriatal brain regions and the hypothalamus, the key area involved in energy homeostasis (Schur et al. 2009; Kenny 2011; Huerta et al. 2014) . In addition, recent resting-state fcMRI studies have identified distinct neural networks between the hypothalamus and corticostriatal regions (Kullmann et al. 2014) . Importantly, fasting enhances activity in corticostriatal regions in response to food images (LaBar et al. 2001; Goldstone et al. 2009 ), whereas satiety and overfeeding reduce food-cue induced activity in both the corticostriatal and hypothalamic regions (LaBar et al. 2001; Born et al. 2010; Page et al. 2011; Li et al. 2012) . Taken together, this demonstrates that the reward value of food is influenced by metabolic state and suggests that food choices may be influenced by neural communication between the hypothalamus and corticostriatal regions.
In obesity, pictures of highly palatable foods increase BOLD activity in corticostriatal regions, which encompass the orbitofrontal cortex (OFC), anterior cingulate cortex (ACC), insula and striatum, compared to normal weight controls (Rothemund et al. 2007; Stoeckel et al. 2008; Yokum et al. 2011) . While these regions encode the reward value of a range of stimuli and are involved in decisionmaking processes (Sescousse et al. 2010; Kenny 2011) , they each appear to have distinct roles in food reward. The OFC and ACC appear to be particularly important in the value attributed to palatable food and decision-making surrounding food (Hare et al. 2009; Simmons et al. 2014) . The insula is responsive to taste as well as images of food and is sensitive to current metabolic status and post-ingestive feedback (Frank et al. 2013; Simmons et al. 2013; Avery et al. 2017) . The striatum is important in learning food reward cues and the habituation of the response to food rewards (Burger and Stice 2014) . The fact that obesity is associated with increased activity in these regions in response to food cues suggests that obese individuals may be highly sensitive to the rewarding properties of palatable foods. More importantly, obese individuals also have altered functional connectivity between the hypothalamus and corticostriatal regions, suggesting that dysfunction in these circuits could be contributing to obesity (Kullmann et al. 2014) . Specifically, recent studies have demonstrated that obese individuals have increased functional connectivity at rest between the lateral hypothalamus (LH) and the somatosensory cortex, a region associated with taste and gustatory perception; as well as between the medial hypothalamus (MH) and the ACC, ventral striatum and substantia nigra, areas associated with decision-making and reward (Contreras-Rodr ıguez et al. 2017) . Possibly, hyper-activity in circuits connecting the hypothalamus and corticostriatal regions at rest may disrupt the homeostatic control of food intake (Contreras-Rodr ıguez et al. 2017) . However, when asked to choose between a healthy or unhealthy food option, obese individuals showed lower activation of the hypothalamus, regardless of hunger state, and increased activation of the prefrontal cortex (PFC) when fasted (Harding et al. 2017) . This suggests that during a conflicting food choice scenario, obese individuals have higher activity in brain regions associated with reward, and lower activity in regions associated with energy homeostasis (Harding et al. 2017) . Taken together, it appears that at rest, obese individuals have greater activity of reward circuitry, and that when asked to decide between foods of differing reward value, obese individuals receive less input from the hypothalamus than healthy-weight individuals. This study provides evidence to support the idea that obese individuals make food choices based on reward value of food, rather than their energy requirements. While human imaging studies are useful in qualitatively describing the differences in neural activity patterns of obese patients, they provide no mechanistic insight into the underlying circuitry implicated in the disease. Thus, animal models are necessary to probe the functional relevance of neural circuits linking energy homeostasis, decision-making and reward to over-consumption of palatable food.
Identification of the lateral hypothalamus as a feeding and reward centre Animal studies have been crucial to advancing our understanding of the neurocircuitry involved in the hypothalamic regulation of food intake. Rodents and humans have many fundamental similarities in the organization of corticostriatal and feeding circuits, as well as in their performance of decision-making, and thus rodent models are useful to investigate the function of neural circuits (Balleine and O'doherty 2010; Carandini and Churchland 2013) . Classical electrical stimulation and lesioning studies identified the lateral hypothalamus (LH) as a key region involved in feeding and reward (Anand and Brobeck 1951; Olds and Milner 1954; Hoebel and Teitelbaum 1962; Margules and Olds 1962) . The LH is a heterogeneous region, encompassing a number of distinct neuronal populations as well as fibres of passage, including the medial forebrain bundle and fornix (Berthoud and M€ unzberg 2011) . As one of the most extensively connected areas within the hypothalamus, the LH is uniquely positioned to receive information related to both internal metabolic status and external environmental conditions. A major function of the LH is thought to be the integration of interoceptive and exteroceptive information and the subsequent coordination of an appropriate behavioural response (Berthoud and M€ unzberg 2011) . More recently, the development of techniques to remotely manipulate cell populations such as optogenetics and chemogenetics have significantly advanced our understanding of the function of the LH. Numerous recent studies demonstrate that the activation or inhibition of distinct cell types within or projecting to the LH significantly modifies feeding behaviour and motivation to seek reward (Jennings et al. 2013 (Jennings et al. , 2015 O'Connor et al. 2015; Wu et al. 2015; Stamatakis et al. 2016; Carus-Cadavieco et al. 2017) . Specifically, inhibitory inputs to LH neurons can drive self-stimulation and feeding in well-fed mice (Jennings et al. 2013) , suggesting that the neural circuits involving the LH play an important role in non-homeostatic feeding and reward. In support of this, human imaging studies have found functional connections between the LH and corticostriatal regions, particularly the dorsal striatum and ACC, which are altered in obesity (Kullmann et al. 2014) . This review will argue that the LH is a crucial site in the integration of hedonic motivation and metabolic feedback, and will investigate the possibility that perturbations in connectivity between the LH and corticostriatal regions are involved in obesity.
Neurons in the lateral hypothalamus affect feeding
The LH is a relatively large, heterogeneous structure that lies anterior to the ventral tegmental area (VTA) and posterior to the pre-optic area. Compared with the other sub-regions within the hypothalamus, which have densely packed populations of genetically distinct cells, the LH is not as anatomically well defined (Stuber and Wise 2016) . Within the LH, there exists numerous discrete neuronal populations that are diffusely scattered throughout the region (Bernardis and Bellinger 1993; Berthoud and M€ unzberg 2011) . These can be described by their neurotransmitter or neuropeptide expression.
Glutamatergic and GABAergic neurons
Neuronal markers for glutamatergic (Vesicular glutamate transporter type 2 or Vglut2) and GABAergic (Vesicular GABA transporter or Vgat) cells are abundantly expressed in the LH (Stuber and Wise 2016) . These inhibitory and excitatory cells are intermingled throughout the LH and appear to have opposing effects on behaviour (Stuber and Wise 2016) . The LH contains the highest concentration of GABA neurons within the hypothalamus (Kimura and Kuriyama 1975) , and evidence overwhelmingly demonstrates that these neurons promote feeding. Acute activation of Vgat-expressing neurons via optogenetics in the LH induces feeding behaviour in fed mice, time spent in a location paired with optogenetic activation and self-stimulation (Jennings et al. 2015) , much like the effect of crude electrical stimulation (Delgado and Anand 1952; Hoebel and Teitelbaum 1962; Margules and Olds 1962) . Optogenetic inhibition of the LH Vgat neurons had the opposite effect, reducing feeding and the time spent in a location paired with photoinhibition (Jennings et al. 2015) . Interestingly, longterm activation of LH Vgat neurons via chemogenetics results in increased consummatory behaviours (licking of a palatable liquid), but not the motivation to obtain a reward (Jennings et al. 2015) . From in vivo calcium imaging experiments, there appears to be distinct subpopulations within the LH Vgat-expressing neurons that encode for either appetitive (reward-seeking) behaviours or consummatory behaviours (Jennings et al. 2015) ; however, more work is required to define these subsets further. These recent studies suggest a key role for LH Vgat-expressing neurons as promoters of reward-seeking and feeding behaviour (Jennings et al. 2015) .
In contrast, optogenetic activation of the excitatory LH Vglut2 neurons suppresses feeding in fasted mice and is aversive (Jennings et al. 2013) ; whereas inhibition of LH Vglut2 neurons is sufficient to drive feeding in fed mice and also increases the preference for palatable food rewards (Jennings et al. 2013) . Further supporting the observations of these optogenetic studies, cell-specific ablation of LH Vglut2 increases consumption of energy dense palatable food and results in weight gain, while ablation of LH Vgat neurons reduces food intake, body weight and motivation to obtain rewards (Jennings et al. 2015) . Taken together it appears that LH GABAergic neurons drive feeding, while LH glutamatergic neurons suppress feeding. It is possible that this balance between activity of LH GABAergic and glutamatergic neurons ultimately controls feeding and motivated behaviour in response to environmental stimuli (Stuber and Wise 2016) . Along with excitatory and inhibitory neurotransmitter expression, LH neurons can be classified according to neuropeptide content and these likely also contribute to feeding and reward-seeking behaviours.
Orexin
Localized to the LH and nearby surrounding regions, orexin (or hypocretin)-producing neurons are primarily associated with arousal but also function to modify energy homeostasis and motivated behaviours (Sakurai 2014) . Orexin neurons produce the isoforms orexin-A and orexin-B from the same precursor peptide and many are also reported to co-express glutamatergic markers (Rosin et al. 2003) . Levels of orexin hormone within the lateral hypothalamus fluctuate diurnally, with concentrations slowly increasing during wakefulness and rapidly decreasing at the onset of sleep (Yoshida 2001) . Recent studies suggest that daily re-wiring of the excitatory and inhibitory inputs to the orexin neurons underlie this phenomenon and highlights the responsive nature of these neurons to environmental cues (Laperchia et al. 2017) . Initial studies classified orexins as orexigenic peptides; central administration of orexins was observed to increase feeding (Sakurai et al. 1998) , while centrally delivered orexin receptor antagonists, or genetic ablation of orexin cells reduced food intake (Haynes et al. 2000; Hara et al. 2001 ). However, more recent studies indicate that the actions of the orexins are far more complicated than originally considered. Orexin signalling increases both food intake and energy expenditure, and an overall increase in orexin tone is protective against diet-induced obesity (Funato et al. 2009 ). Moreover, long-term lack of orexin signalling results in the development of obesity (Hara et al. 2001) . Orexins are also implicated in rewarding aspects of feeding. Central delivery of orexin-A increases the motivation of rats to work for a highly palatable food reward (Choi et al. 2010) , while inhibiting orexin signalling reduces reward-seeking behaviour (Borgland et al. 2009 ). Orexin neurons are activated by the expectation of palatable foods and other rewards (Harris et al. 2005; Choi et al. 2010) , and are therefore likely involved in supporting motivated behaviour required to obtain food, rather than influencing the effect of receiving the reward itself (Sakurai 2014) . As orexin neurons appear to be responsive to internal signals of energy balance, such as glucose, leptin and ghrelin (Yamanaka et al. 2003) , as well as the act of eating (Gao and Horvath 2016) , they may be involved in mediating metabolic and hedonic signals to orchestrate a behavioural response. However, the primary function of the orexin neurons is to regulate arousal state. Orexin neurons that co-express dynorphin are thought to influence arousal, as well as appetite and metabolism through interactions with nearby histamine neurons located in the tuberomamillary nucleus (Eriksson et al. 2010) . Optogenetic activation of orexin neurons is sufficient to drive wakening from sleep (Adamantidis et al. 2007 ) and the effect of the orexins on food intake is influenced by the time of day (Yamanaka et al. 1999) . Therefore, it is likely that the contribution of the orexins to LH-mediated feeding and reward-seeking behaviour are secondary to the regulation of arousal (Berthoud and M€ unzberg 2011) .
Melanin-concentrating hormone
Like orexin, melanin-concentrating hormone (MCH)-producing neurons are almost exclusively found in LH and regulate arousal as well as feeding behaviour. In contrast to the orexins, optogenetic activation of MCH neurons promotes sleep (Jego et al. 2013) . MCH burst firing also occurs in awake animals, as determined using GCaMP signalling in vivo, and is inversely associated with orexin activity in response to different stimuli (Gonz alez et al. 2016) . MCH behaves more like a typical orexigenic peptide; central administration increases feeding (Qu et al. 1996) and bodyweight on both chow and High Fat Diet (HFD) (Gomori et al. 2003) , while MCH knock-out mice eat less than wild types and are lean (Shimada et al. 1998) . It seems unlikely that MCH plays a role in purely hedonic, pleasurable associated aspects of food intake (Brown et al. 2015) . For example, while the central delivery of orexin administration reportedly drives a preference for high-fat food compared to chow in mice, MCH treatment resulted in an overall increase in food intake from both diets (Clegg et al. 2002) . Interestingly, when MCH-treated rats were given a choice between sucrose, glucose and saccharin there was a significant preference for the energy containing solutions rather than the sweet taste, suggesting that MCH may bias consumption towards energy content (Sakamaki et al. 2005) . Supporting this, a recent study demonstrated that MCH neurons are necessary for sensing the nutritional value of sugar (Domingos et al. 2013) . It is important to note that both the sensory information relating to sweet taste and the post-ingestive signals relating to nutrient content increase striatal dopamine release through separate circuitries (Tellez et al. 2016) . For example, when given a choice between sucrose, and an artificial sweetener such as sucralose, mice prefer to consume sucrose due to the greater caloric (reward) feedback. Ablation of MCH neurons results in mice that cannot detect the reward value (i.e. no increase in striatal dopamine levels) of an energy-containing sucrose solution (Domingos et al. 2013) . While, activation of MCH neurons when paired to consumption of an energy-free sucralose solution results in increased total striatal dopamine release compared to consumption of sucralose alone or activation of MCH neurons alone (Domingos et al. 2013) . Therefore, both the activation of MCH neurons and sweet taste are required to drive reward (Domingos et al. 2013) . The mechanisms behind this are not yet known, but could be in part due to the ability of MCH neurons to sense glucose levels (Domingos et al. 2013) . Consistent with this MCH mRNA is increased with fasting suggesting its main role in feeding is to maintain energy homeostasis (Qu et al. 1996 ). There appears to be both excitatory and inhibitory populations of MCH neurons, as some MCH neurons co-express the GABAergic marker glutamate decarboxylase-67 (GAD-67-an enzyme that catalyses the decarboxylation of glutamate to GABA) (Jego et al. 2013) , while others have been found to express glutamatergic markers Vglut1 (Harthoorn et al. 2005) and Vglut2 (Collin et al. 2003) . It has been suggested that MCH regulation of sleep occurs primarily through the release of the neurotransmitter GABA (Jego et al. 2013; Brown et al. 2015) , though whether MCH neurons co-release GABA is contentious. Neither MCH nor orexin neurons express the vesicular GABA transporter Vgat, and so the acute feeding response seen with optogenetic activation of LH Vgat neurons is likely occurring independently of these neuropeptides (Stuber and Wise 2016) . While GAD-67 mediates GABA production within a cell, it does not cause GABA release; therefore, if MCH cells secrete GABA this must occur through another GABA transporter enzyme, not Vgat, but this requires further investigation. Like orexin, it seems the feeding and metabolic phenotypes associated with MCH are secondary to its influence on arousal state. Neurotensin Neurotensin, another neuropeptide produced in the LH, is involved in energy homeostasis (Brown et al. 2015) . Neurotensin neurons, which are distinct from the MCH and orexin-producing cells, are not restricted to the LH but also found in the midbrain and limbic system (Brown et al. 2015) . Neurotensin is considered an anorexigenic neuropeptide; central delivery of neurotensin reduces food intake in fasted and fed rats (Cooke et al. 2009) , and disruption of neurotensin signalling through knock-out of neurotensin receptor-1 (Ntsr1) results in increased food intake and weight gain (Kim et al. 2008) . Neurotensin works with leptin, a signal of positive energy balance, to modify feeding. In fact, the majority of LH neurons that contain leptin receptors (LepRb) also express neurotensin, and this subset of neurotensin neurons appear to be restricted in the LH (Leinninger et al. 2011) . Mice lacking LepRb only in neurotensin neurons have slightly elevated food intake, increased fat mass and reduced activity compared to controls (Leinninger et al. 2011) , highlighting the importance of LH neurotensin neurons in mediating leptin action. Neurotensin signalling through Ntsr1 is implicated in non-homeostatic feeding (Opland et al. 2013) . Ntsr1 knock-out mice have increased sensitivity to rewarding properties of highly palatable food and sucrose compared to wild types, suggesting that neurotensin signalling is important in attenuating the over-consumption of palatable energy dense foods (Opland et al. 2013) . Again, this is likely leptin-mediated, as Ntsr1 potentiates leptin-induced suppression of food intake (Kim et al. 2008 ). It appears that leptin/neurotensin effects on feeding behaviour are exerted via projections from LepRbpositive neurotensin neurons to VTA dopamine neurons, which are important in motivated behaviour (Leinninger et al. 2011) . Moreover, optical activation of the LH to VTA pathway promotes self-stimulation, an effect that is attenuated by blocking neurotensin signalling in the VTA (Kempadoo et al. 2013) . This observation seems to conflict with the observation that neurotensin signalling suppresses consumption of natural rewards. However, activation of the dopamine system cannot predict the promotion or suppression of feeding (Date et al. 1999; Horvath et al. 1999) . Like neurotensin, orexin activates VTA dopamine neurons and animals will self-administer orexin into the VTA (Borgland et al. 2009 ). Conversely, orexin promotes the intake of rewarding substances such as palatable food and drugs of abuse (Harris et al. 2005; Borgland et al. 2009 ), while neurotensin suppresses consumption of these rewards (Opland et al. 2013) . Therefore, neurotensin modifies intake of palatable foods although it remains unclear as precisely how it achieves this. Galanin Galanin-expressing neurons are widely distributed throughout the brain and within the LH they are highly co-localized with neurotensin neurons (approximately 95%) (Laque et al. 2013; Stuber and Wise 2016) . Like neurotensin, galanin modulates the mesolimbic dopamine system (Stuber and Wise 2016) . This is likely due to galanin projections from the PVN to VTA, but also may involve the neurotensin/galaninexpressing neurons of the LH (Berthoud and M€ unzberg 2011) . Galanin has been shown to have orexigenic actions when administered into the PVN, but no effect on food intake when delivered to the LH (Kyrkouli et al. 1990 ). More recent studies suggest that within the LH, galanin mediates the anorexigenic effects of leptin as it is co-localized with neurotensin/LepRb neurons (Laque et al. 2013) . Until further research is completed, LH galanin neurons can be considered to have the same characteristics as the neurotensin/LepRb neurons.
To summarize, the LH contains several neuronal cell types that are responsive to signals of energy homeostasis and involved in coordinating feeding and motivated behaviours. While understanding the functions of the various LH cell types has given insight into LH control of feeding and reward, the different neuronal populations do not act alone and are densely connected both locally within the LH and to regions beyond the LH. To fully comprehend the physiological function of neurons of the LH it is important to consider the input and output circuitry of these cells.
Connectivity of the lateral hypothalamus
The LH receives substantial excitatory and inhibitory inputs from both hypothalamic and extra-hypothalamic regions providing information about metabolic state and environmental conditions (Fig. 1) . The LH then integrates this information to coordinate appropriate behavioural output via its direct projections to regions associated with motivated behaviours. Originally the circuitry into and out of the LH was described using tracing techniques. Our understanding of the function of LH circuits has been revolutionized by the development of techniques such as the cre-lox system, optogenetics and chemogenetics.
Extra-hypothalamic inputs
Early retrograde tracing studies in animals show that there are several cortical and subcortical regions that project to the LH including the medial prefrontal cortex (mPFC), OFC, nucleus accumbens (NAc) of the ventral striatum, dorsal striatum, lateral and dorsal septal nuclei, extended amygdala, bed nucleus of the stria terminalis (BNST), hippocampus and lateral habenula (Barone et al. 1981; Kita and Oomura 1982; Gabbott et al. 2005) . Many of these regions, along with the insula and ACC, have since been reported to project to orexin neurons within the LH (Yoshida et al. 2006) . The development of transgenic mice has allowed for a more detailed map to be developed in terms of the neurotransmitters and neuropeptides involved in LH circuitry. Sakurai et al. (2005) generated mice expressing a transgene containing a fusion protein between tetanus toxin C and green fluorescent protein exclusively in orexin neurons (Sakurai et al. 2005) . This allows for the selective transfer of the fusion protein to cells that project to orexin neurons, therefore labelling these cells with green fluorescent protein (Maskos et al. 2002) . Labelling was observed in the cholinergic neurons of the basal forebrain, GABAergic neurons of the pre-optic area, serotonergic neurons of the raphe nuclei and many neurons within subcortical areas involved in emotion, reward and motivation, such as the amygdala, lateral septum, BNST and nucleus accumbens (Sakurai et al. 2005) . The diversity of afferent projections demonstrates the wide range of substrates and neurotransmitters that must regulate the activity of the orexin peptides, and other neurons within the LH. Many of these inputs were confirmed using injections of conventional retrograde and anterograde tracers in rats (Yoshida et al. 2006) . However, some of the projection sites reported in the study by Sakurai et al. (2005) , such as the medial septum, do not contain known orexin afferents and could represent ectopic expression of the transgene or transfer to second-order neurons (Sakurai et al. 1998 (Sakurai et al. , 2005 Yoshida et al. 2006) . A more recent study using robust cre-dependent retrograde tracers in orexin-cre and MCH-cre mice has produced a detailed global map of inputs to both neuron types (Gonz alez et al. 2016) , again confirming many of the findings of earlier tracing studies. In addition, the results demonstrate that there are inputs to orexin and MCH neurons from key cortical areas identified to be involved in human obesity, including the ACC, the insular and the OFC (Gonz alez et al. 2016) . Given that there are a large population of neurons in the LH, which do not express orexin or MCH, repeating this approach in Vgat-cre or Vglut-cre mice would contribute significantly to our understanding of LH circuitry.
Neural tracing studies have been valuable to the understanding origins of the LH input circuitry. However, it is important to determine whether these anatomical connections are functionally relevant. Advances in neuroscience have allowed for a more detailed picture of the nature of the inputs to the LH and their role in modifying feeding and rewardseeking behaviour. Jennings et al. (2013) show projections from the BNST, a region involved in motivation and anxiety, are largely GABAergic and project to glutamatergic LH neurons (Jennings et al. 2013) . Activation of this inhibitory circuit using optogenetics rapidly induces feeding in well-fed mice, and also results in self-stimulation behaviours in a manner similar to optogenetic inhibition of LH glutamate neurons (Jennings et al. 2013) . Moreover, activation of BNST GABA projections to the LH markedly increased preference for palatable food in fed mice, suggesting that this circuit may be implicated in overriding metabolic signals and driving hedonic eating (Jennings et al. 2013) .
The nucleus accumbens shell (NAcSh) of the ventral striatum also provides another source of inhibitory input to the LH (Heimer et al. 1991; O'Connor et al. 2015) . The functional importance of this circuit in feeding behaviour has been known for some time Kelley 1997, 1999; Saito et al. 2013 ), but has more recently been investigated in detail (O'Connor et al. 2015) . Using a retrograde tracer in combination with transgenic reporter mice, the majority of neurons projecting from the NAcSh were found to be the inhibitory dopamine receptor-1 expressing medium spiny neurons (D1R-MSN) (O'Connor et al. 2015) . Optogenetic activation of NAcSh D1R-MSN fibres in the LH was sufficient to suppress food intake and rapidly terminate feeding bouts in food-deprived mice (O'Connor et al. 2015) . Conversely, optogenetic inhibition of NAcSh D1R-MSN cell bodies increases consumption of a palatable liquid, and promotes undisrupted feeding during a distraction test in well-fed mice (O'Connor et al. 2015) . These results suggest that activity of the NAcSH to LH pathway can prolong or terminate a feeding bout, despite conflicting metabolic signals, and therefore could be an important pathway involved in non-homeostatic feeding behaviours. The NAcSh D1R-MSN neurons were observed to directly inhibit LH GABA neurons (O'Connor et al. 2015) , the activation of which have previously demonstrated to induce feeding (Jennings et al. 2015) . The results from the studies discussed here are consisted with the notion that within the LH, GABA signalling drives feeding and motivated behaviour, while LH glutamatergic activity has the opposite effect.
So far the inputs into the LH that have been identified to be involved in feeding appear to target GABAergic or glutamatergic neurons and not orexin or MCH producing cells (Jennings et al. 2015; O'Connor et al. 2015) . Inhibitory inputs that synapse onto orexin neurons, such as those from the pre-optic area, appear to be involved in regulating arousal and not feeding (Saito et al. 2013 ). There also are inhibitory inputs to MCH neurons that arise in the BNST and the amygdala; however, the role of these circuits in feeding and reward is not clear (Domingos et al. 2013) . The function of the majority of LH afferents arising from cortical areas has not yet been elucidated. Cognitive processing within the cortex involves gamma oscillations, which can be defined as fast, rhythmic neural activity of 30-90 Hz that is mediated mainly by inhibitory interneurons (Saito et al. 2013) . The projection neurons of the cortex primarily consist of excitatory pyramidal neurons that express calcium/calmodulin-dependent kinase II alpha (CamKII-a); however, there are subsets of GABAergic cortical neurons that project long-range to other structures (Tomioka et al. 2015) . A recent study by Carus-Cadavieco et al. (2017) identified a top-down pathway connecting the medial prefrontal cortex, lateral septum (LS) and LH that uses coordinated gamma oscillations to organize feeding behaviour (Carus-Cadavieco et al. 2017) . By examining the activity of LH neurons in vivo, the authors demonstrated that there are two subpopulations of LH Vgat neurons that respond when a mouse is either close to food, or at a distance, both of which are separately activated during gamma oscillations within the LH (Carus-Cadavieco et al. 2017). Optogenetic activation of the LS inhibitory somatostatin projections to the LH at gamma frequencies stimulated food-seeking behaviour, but not food intake (Carus-Cadavieco et al. 2017). Upstream, CamKII-aexpressing neurons of the mPFC were demonstrated to project monosynaptically to the LS, and mPFC gamma-rhythmic oscillations were also associated with neuronal activity within the LS (Carus-Cadavieco et al. 2017). Optogenetic stimulation of mPFC CamKII-a projections in the LS at gamma frequencies resulted in increased food seeking, without an increase in food intake, and also improved performance on a food reward learning task (Carus-Cadavieco et al. 2017) . Taken together, this mPFC-LS-LH circuit appears to be important in motivated food-seeking behaviours.
The function of extra-hypothalamic excitatory afferents to the LH have not been as well characterized as inhibitory circuits. Neurons in the cortex are primarily glutamatergic pyramidal neurons and are known to project to other cortical sites, as well the LH (Gabbott et al. 2005) . The functions of these circuits or their neuronal targets within the LH have so far not been thoroughly investigated. Only recently, direct excitatory inputs from the mPFC to the LH control have been investigated using optogenetics and found to influence aggressive behaviours (Biro et al. 2018) . The influence on feeding and reward-seeking was not examined in this study but is of interest given that electrophysiological studies using transgenic mice suggest that LH orexin neurons receive proportionally more excitatory inputs than inhibitory (Horvath and Gao 2005) . However, this is likely due in part to local glutamate interneurons, which are thought to include the excitatory subpopulation of LH MCH neurons (Horvath and Gao 2005) . Fasting increases the number of excitatory inputs of unknown origin onto orexin neurons (Horvath and Gao 2005) , demonstrating that the LH is capable of dynamically responding to fluctuations in metabolic signals to influence motivational state.
Hypothalamic inputs
The LH receives substantial excitatory and inhibitory inputs from both local interneurons and other hypothalamic regions including the arcuate nucleus (ARC) (Betley et al. 2013) , paraventricular nucleus (PVN) and ventral medial hypothalamus (Gonz alez et al. 2016) . There is also dense interconnectivity within the LH (Gonz alez et al. 2016) . Optogenetic activation of orexin neurons inhibits the majority of MCH neurons either directly or indirectly via GABA interneurons, and this occurs in a manner that is dependent on orexin receptor signalling (Apergis-Schoute et al. 2015) . Although MCH and orexin signalling primarily function to regulate arousal, it is unclear if these microcircuits are directly relevant to feeding or reward behaviours. Of the inputs from other hypothalamic nuclei, the ARC-LH circuit has been the most well investigated. The ARC contains neurons that directly sense energy balance and then act either to promote hunger or satiety accordingly. The agouti-related peptide/neuropeptide Y (AgRP/NPY) co-expressing neurons of the ARC sense negative energy balance and promote food intake via both the release of the peptides AgRP, NPY and GABA (Aponte et al. 2011; Betley et al. 2013) . Optogenetic activation of the AgRP to LH circuit rapidly induces feeding (Betley et al. 2013) , suggesting that this is due to the release of fast-acting GABA and NPY in the LH. Consistent with this, local injection of NPY into the perifornical area of the LH drives feeding, suggesting that there are neurons of this region that contain NPY receptors (Glenn Stanley et al. 1993) . Given that glutamate signalling in the LH suppresses feeding, it is plausible that the AgRP/NPY terminals predominately target and suppress LH glutamatergic neurons though this needs to be confirmed. The proopiomelanocortin (POMC) neurons of the ARC detect energy surplus and suppress appetite through the release of the peptide alpha-melanocyte-stimulating hormone (alpha-MSH) (Aponte et al. 2011) . POMC neurons also project to the lateral hypothalamus, however, whether activation of this circuit is sufficient to suppress feeding is not yet clear (Betley et al. 2013) . The ARC neurons as a whole project to both orexin and MCH neurons (Gonz alez et al. 2016) . Studies in rodents have demonstrated that HFD-induced leptin resistance in the ARC contributes to the remodelling of inputs to orexin neurons from predominately excitatory to predominantly inhibitory (Cristino et al. 2013; Lau et al. 2017) . This re-wiring was found to increase orexin signalling in other hypothalamic regions due to alterations in endocannabinoid signalling, and is thought to lead to an increased preference for palatable foods (Cristino et al. 2013) . Also, relevant to this literature review, a study by Kampe et al. (2009) used transsynaptic retrograde tracing in rats to identify inputs into cortical regions thought to be relevant to feeding, including the insula, ACC and NAc of the ventral striatum (Kampe et al. 2009 ). Substantial numbers of first-order neuron projecting to the corticostriatal regions were found in the lateral hypothalamus, many of which express orexin or MCH, while secondorder neurons were present within the PVN and ARC (Kampe et al. 2009 ). These results highlighted that AgRP and POMC neurons have divergent projection sites, with orexigenic AgRP neurons projecting to the NAc, and anorexigenic POMC neurons primarily projecting towards the insula and ACC (Kampe et al. 2009 ). This study gives evidence of multisynaptic circuits originating from the energy-sensing neurons of the ARC, that may influence corticostriatal regions via the LH. This demonstrates the significance of the LH in relaying metabolic signals to regions involved in reward processing and decision-making. The relevance of these observations to the control of homeostatic and/or hedonic feeding is not yet clear.
Extra-hypothalamic outputs
The neurons of the LH have a vast number of anatomical projections to extra-hypothalamic regions (Saper et al. 1979; Berthoud and M€ unzberg 2011; Stuber and Wise 2016) . As just discussed, there are orexin and MCH neurons that project from the LH to cortical regions including the insula and ACC (Kampe et al. 2009 ) though the functions of these circuits have not yet been defined. There is in vitro evidence that orexin neurons, in concert with GABAergic, glutamatergic, cholinergic and adrenergic signalling, modulate synaptic plasticity in the hippocampus (Selbach et al. 2004) . This supports the idea that neurons of the LH are important in behavioural state control and suggests that they influence memory in a state-dependent manner, thus providing a link between metabolic feedback and memory function in order to mediate behavioural output (Selbach et al. 2004) . LH projections that are known to be directly relevant to feeding, reward and motivated behaviours include the LH to VTA, LH to lateral habenula and LH to striatum circuits. Nieh et al. (2015) demonstrated that the LH sends both excitatory and inhibitory projections to the VTA, which target both GABA neurons and dopamine neurons (Nieh et al. 2015) . In the same study, optogenetic activation of the LH to VTA circuit was sufficient to drive feeding in well-fed mice (Nieh et al. 2015) . In addition, activation of this circuit promoted compulsive sucrose seeking in the face of a negative consequence (foot shock), suggesting a role for this pathway in addictive-like behaviours associated with compulsive feeding in obesity (Nieh et al. 2015) . Using Vgat-cre and Vlgut2-cre mice, the specific functions of the glutamatergic and GABAergic pathways to VTA neurons were then investigated (Nieh et al. 2015) . Optogenetic activation of LH GABA-VTA circuit induced feeding behaviour in sated mice, but did not affect reward-seeking behaviour, while activating the LH glutamate-VTA circuit had no effect on either behaviour (Nieh et al. 2015) . However, LH GABA-VTA activation also resulted in maladaptive behaviours such as excessive gnawing, suggesting that both the LH GABA-VTA and LH glutamate-VTA circuits are necessary for appropriately driven feeding and motivated behaviours (Nieh et al. 2015) . The LH also has glutamatergic projections to the lateral habenula, a brain region involved in behavioural avoidance (Stamatakis et al. 2016) . Consistent with the role for LH glutamate neurons to inhibit feeding, optogenetic inhibition of the LH Vglut2 projections in the lateral habenula resulted in increased consumption of a highly palatable liquid in fed mice (Stamatakis et al. 2016 ). This circuit is also involved in reward and motivated behaviours, as optogenetic inhibition resulted in real-time place preference, that is, mice preferred to spend time in a location previously paired with light-delivery, while activation of the LH Vglut2 to VTA pathway was aversive (Stamatakis et al. 2016) . This is likely mediated by neurons within the lateral habenula that project directly to VTA GABA neurons, which in turn can act to inhibit VTA dopamine neurons therefore modulating reward (Stuber and Wise 2016) . LH neurons are also involved in striatal dopamine release, since MCH neurons are required for sucrose-mediated dopamine release within the striatum (Domingos et al. 2013) . Although whether this is a result of direct projections from the LH MCH neurons to the striatum remains to be determined, it is likely that MCH neurons project to the VTA and modify dopamine release from neurons that project to the striatum. So far the LH outputs to reward-related regions of the brain have been most well-studied and clearly LH projections to these areas play a role in feeding behaviour and reward processing. Delineating the functions of the LH outputs to cortical regions is now possible given the range of tools becoming available to neuroscience. This would allow for a more comprehensive understanding of the circuitry underlying the decision-making surrounding food intake.
Hypothalamic outputs
The LH projects to most of the hypothalamus including the ARC, PVN and dorsomedial and ventromedial nuclei (Saper et al. 1979; Berthoud and M€ unzberg 2011; Wang et al. 2015; Mangieri et al. 2018) . So far only the functional characteristics of the LH projections to the PVN have been investigated. Projections from the LH to the PVN are largely GABAergic, and optogenetic activation of this circuit rapidly has previously been determined to induce feeding (Wu et al. 2015) . More recently the functions of the GABAergic and glutamatergic LH-PVN circuits have been investigated in detail (Mangieri et al. 2018) . Optogenetic activation of glutamatergic LH-PVN circuit rapidly drives compulsive self-grooming behaviour in mice, and activation of this circuit was sufficient to override fasting-induced feeding, diverting behaviour back towards self-grooming (Mangieri et al. 2018) . In contrast, optogenetic activation of the GABAergic LH-PVN rapidly induces feeding in the presence of food, and feeding-related behaviours (chewing and licking), as well as suppressing stress-induced grooming (Mangieri et al. 2018) . This study suggests that these parallel circuits are involved in compulsive over-consumption or under-consumption of food, such as those behaviours seen in human obesity and anorexia respectively (Mangieri et al. 2018) . The role of other hypothalamic LH efferents in feeding and reward are not yet defined. Orexin neurons have been reported to project directly to the ARC and may have an important role in feeding, however, this remains to be investigated (Ranck 1975; Roberto et al. 2015) .
To summarize, both the extra-hypothalamic and hypothalamic GABAergic inputs into the LH that have been investigated so far are important in regulating feeding and reward. Less is known about the glutamatergic inputs from extra-hypothalamic regions and this certainly deserves future investigation The LH also has numerous outputs, which appear to control feeding behaviour and influence reward processing and motivated behaviours. The LH circuits are sensitive to external cues and signals of energy balance again supporting the idea of the LH being the key integrator of interceptive and exteroceptive information. What is still unknown is the functional relevance of the circuitry connecting the LH to corticostriatal regions involved in decision-making and food choice. Given that these connections appear perturbed in human obesity, mouse models to delineate the functional relevance of the circuits between the LH and the OFC, ACC, insula and striatum are warranted. As discussed in the following section, current evidence in humans and animals supports a role for these regions in processing hedonic aspects of feeding and decision-making.
Orbital frontal cortex
The OFC lies within the ventromedial prefrontal cortex close to the infralimbic cortex, and in humans is involved in integrating various factors, such as health and taste, to compute the overall value of a food (Hare et al. 2009 ). Interestingly, increase in BOLD activity in the OFC in obese humans in response to food odours has been demonstrated to be associated with selfreported poor impulse control (Eiler et al. 2014) , suggesting this region may be implicated in the decision to consume palatable food despite known negative consequences. Recently, a study in healthy weight individuals by Suzuki et al. (2017) demonstrated that, specifically the lateral OFC represents nutritive valuation of a food (protein, fat, sodium, carbohydrate and overall energy value) and that this information is then integrated with information from the medial OFC to determine an overall subjective value of a food (willingness to pay) (Suzuki et al. 2017) . Whether this relationship is affected in obesity warrants further investigation. In rodents, recording from the neurons of the OFC clearly shows that this is a region that is relevant for decisionmaking and predicting reward outcomes (Kepecs et al. 2008) . The OFC in particular appears to be involved in goal-directed behaviour, rather than habitual actions (Gremel and Costa 2013) . This was demonstrated through recording from OFC neurons, while trained mice performed lever pressing tasks designed to model goal-directed or habitual behaviours (Gremel and Costa 2013) . Measured activity of OFC neurons was higher during goal-directed versus habitual lever pressing (Gremel and Costa 2013) . As goal-directed behaviour is sensitive to the value of the reward, devaluing a reward by making it freely available before a testing period should reduce goal-directed lever pressing, but have no effect on habitual level pressing under normal conditions (Gremel and Costa 2013) . Following reward devaluation, OFC neuronal activity correlated with the sensitivity of goaldirected behaviour to the change in reward value, that is, the more active the OFC neurons during training, the greater the appropriate modulation of goal-directed lever pressing between the valued and devalued states (Gremel and Costa 2013) . This suggests that the OFC is important in encoding changes in reward value and influencing goal-directed behaviour accordingly. Optogenetic activation of the OFC neurons in the devalued state increased goal-directed lever pressing, confirming that OFC activity is important in modifying goal-directed behaviours (Gremel and Costa 2013) . Given that aspects of addictive or decision-making disorders involve disruptions to a perceived value of a substance and subsequent motivated or habitual actions, OFC-LH circuits are likely important in eating disorders and obesity. Retrograde tracing studies in rodents show dense projections from the OFC to the LH (Gabbott et al. 2005) ; however, whether this circuit exerts any control over feeding behaviour or food choice is not yet clear.
Anterior cingulate cortex
The ACC is a region of the frontal cortex that is involved in motivation and reward-based decision-making (Shenhav et al. 2016 ). In humans, fMRI studies implicate the ACC in general foraging behaviour, for example, when a choice between different options that vary in the amount and probability of risk and reward is required (Kolling et al. 2012; Shenhav et al. 2016) . Consistent with this, in rodents, subsets of the inhibitory interneurons neurons of the ACC are involved in sequential foraging decisions, that is, the decision to move from an area of depleting food sources to unknown territory (Kvitsiani et al. 2013) . Two subsets of cortical inhibitory neurons can be defined by the expression of parvalbumin or somatostatin (Kvitsiani et al. 2013) . Using parvalbumin-cre and somatostatin-cre driver mouse lines to target these neurons for recording, it was observed that somatostatin neurons are active upon approaching a food reward zone, while parvalbumin neurons phasically increase firing upon leaving the food zone (Kvitsiani et al. 2013) . The somatostatin neurons of the lateral septum that project to the LH are also involved in food approach behaviours (CarusCadavieco et al. 2017) . Possibly this suggests that there is a common role for somatostatin neurons in food seeking, though this will require further investigation.
Insula
The insula is responsive to interoceptive cues as well as environmental stimuli pertaining to reward or motivation, and is often jointly activated with the ACC (Craig 2009 ). The strong association of the insula with changes in homeostatic signals suggests that connections between the insula and the hypothalamus are important and likely are involved in food choice and the decision to eat. Human imaging studies implicate the insula, as well as the OFC and ACC, in the cortical processing of taste and smell (De Araujo et al. 2003) , and suggest that the insula is of particular importance for detecting fat (De Araujo and Rolls 2004) . The insula has also been implicated in the neurobiology of addiction (Contreras et al. 2007; Naqvi et al. 2007; Mata et al. 2015; Belin-Rauscent et al. 2016; Contreras-Rodr ıguez et al. 2017) . Studies in rats suggest that the insula is involved in impulsive and drug-seeking behaviours; lesioning the insula significantly reduced impulsive behaviours in highly impulsive rats (Belin-Rauscent et al. 2016) , while chemical inactivation of the insula is sufficient to overcome the urge for rats to seek amphetamine (Contreras et al. 2007) . Human studies support these results, as smokers with brain damage in the insula region, compared to smokers with brain damage in other areas, were significantly more likely to experience a disruption of smoking addiction, characterized by lack of an ongoing urge to smoke and the ability to cease smoking immediately (Naqvi et al. 2007) . Taken together it appears that the insula could be a key region involved in impulsive food choices that are driven internal feelings of craving or withdrawal. Human imaging studies indicate that the insula may be disrupted in obesity (Frank et al. 2013; Mata et al. 2015) . Insula activity in obese adolescents correlated with external eating (eating in response to external cues), and was inversely associated with interoceptive sensitivity, the opposite pattern from that observed in healthy weight adolescents (Mata et al. 2015) . This preferential tuning of the insula to external rather than internal cues in obesity could explain why obese individuals consume food well beyond their metabolic needs. In response to food cues obese adults show higher insula BOLD activation as well as increased functional connectivity to the ACC and striatal regions compared to normal weight adults (Frank et al. 2013) . Given that the insula is important for sensing internal cues of hunger or satiety and external food-related cues such as taste or pleasurable properties of a food, the functional connections between the insula and LH may mediate the balance between hedonic and homeostatic food intake.
Striatum
The striatum is a subcortical region that is divided into a ventral region, comprised of the NAc and olfactory tubercle, and a dorsal region which includes the caudate nucleus and putamen. The ventral and dorsal striatum, while connected, have separable functions; the dorsal region is involved in both goal-directed (dorsomedial) and habitual (dorsolateral) actions and learning stimulus response-outcomes, while the ventral region is involved more in affective components of behaviour including reward and motivational processes (Yager et al. 2015) . The primary cell type present in the striatum are the medium spiny neurons (MSNs), which are GABAergic and express either dopamine receptor 1 (D1R-MSNs) or dopamine receptor 2 (D2R-MSNs) (Yager et al. 2015) . Both the ventral and dorsal regions of the striatum receive significant dopaminergic input from the VTA and substantia nigra pars compacta, respectively, and are thought to be key regions involved in compulsive over-eating and other addictive behaviours (Yager et al. 2015; O'Connor and Kenny 2016) . The NAc of the ventral striatum has traditionally been associated with dopamine release in response to natural rewards and drugs of abuse; however, the dorsal striatum appears to be more relevant to feeding behaviour (Szczypka et al. 2001; Small et al. 2003) . In humans, using position emission topography combined with a radio-labelled dopamine-2 receptor ligand to infer dopamine activity, the consumption of a palatable meal increased dopamine activity in the dorsal striatum, but not the ventral striatum (Small et al. 2003) . While this technique has its limitations, there exists evidence in animals to support the role for the dorsal striatum in processing the reward value of food. Mice deficient in dopamine become hypophagic and generally die within 4 weeks of age, an observation that had originally been attributed to a lack of dopamine signalling in the NAc in response to feeding (Szczypka et al. 2001) . Replacement of dopamine in either the NAc or the caudate putamen is sufficient to restore preference for a sucrose solution, indicating these regions are important in the motivation to seek palatable foods (Szczypka et al. 2001) . However, only replacement of dopamine to the caudate putamen was able to rescue feeding on a chow diet, suggesting that dorsal striatum dopamine release in region is crucial for processing the energy value of food (Szczypka et al. 2001) . A recent study by Tellez et al. (2016) further explored the separate dorsal and ventral striatal circuitry involved in sensing the reward value of sugar in mice (Tellez et al. 2016) . To separate the reward value associated with sweet taste of sugar from the reward value attributed to the energy content of sugar, mice were given access to a spout containing the non-nutritive sweetener sucralose and licks of the spout were paired with intra-gastric infusions of glucose or sucralose (Tellez et al. 2016) . Dopamine levels were increased in the dorsal striatum only when licking of the sucralose solution was paired to an intragastric infusion of glucose, while in the ventral striatum, licking of the sucralose solution resulted in increased dopamine release regardless of the type of intra-gastric infusion (Tellez et al. 2016) . This study elegantly demonstrated that the dopamine release in the ventral striatum is sensitive to sweet taste, while in the dorsal striatum, dopamine release depends on energy value, giving weight to the idea that there exist separate striatal circuitries that are sensitive to metabolic or hedonic feedback (Tellez et al. 2016) . MCH neurons of the LH, as previously described, are required to sense the nutritive value of a solution, however, the underlying mechanism remains unknown. Given the LH neurons project directly to the striatum and vice-versa, circuits between the LH and the striatum are likely important in appropriate food reward sensing.
Conclusion
It is clear from the evidence presented here that the LH is ideally positioned to integrate metabolic signals with environmental and sensory information. Our understanding of this complex brain region has advanced rapidly over the past decade due to the variety of new tools and techniques now available to neuroscience. However, how the LH balances homeostatic and hedonic inputs to coordinate feeding and motivated behaviour has not yet been fully elucidated. The corticostriatal regions of the brain including the OFC, ACC, insula and striatum are responsible for reward processing, decision-making and top-down control of behaviour. The reciprocal connections between the LH and these corticostriatal regions are therefore likely to be important in the decision of what and when we eat. In obesity, metabolic sensing mechanisms are disrupted and environmental food cues take precedence. Human studies show that the functional connectivity between the corticostriatal regions and the hypothalamus is perturbed in obesity, yet so far there have not been any mechanistic studies into the relevance of this observation to the development or maintenance of the disease. Systematically determining the functional significance of the circuits between the LH and the insula, striatum, OFC and ACC is important in advancing our understanding of how the brain controls food intake.
